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Ferroelectric phase transitions in epitaxial antiferroelectric PbZrO3 thin films

P. Dufour1*, T. Maroutian2, M. Vallet3,4, K. Patel5, A. Chanthbouala1, C.
Jacquemont1, L. Yedra3, V. Humbert1, F. Godel1, B. Xu6, S. Prosandeev5, L.

Bellaiche5, M. 7, S. Fusil1, B. Dkhil3, V. Garcia1

1Unité Mixte de Physique, CNRS, Thales, Université Paris-Saclay, 91767 Palaiseau, France.
2Centre de Nanosciences et de Nanotechnologies, CNRS, Université Paris-Saclay, 91120 Palaiseau, 

France.
3Université Paris-Saclay, CentraleSupélec, CNRS, Laboratoire SPMS, 91190, Gif-sur-Yvette, France.

4Université Paris-Saclay, CentraleSupélec, ENS Paris-Saclay, CNRS, LMPS - Laboratoire de Mécanique 
Paris-Saclay, 91190, Gif-sur-Yvette, France.

5Physics Department and Institute for Nanoscience and Engineering, University of Arkansas, Fayetteville, 
Arkansas 72701, USA

6Institute of Theoretical and Applied Physics, Jiangsu Key Laboratory of Thin Films, School of Physical 
Science and Technology, Soochow University, Suzhou 215006, China
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School, Jamova 39, Ljubljana 1000, Slovenia
*e-mail: pauline.dufour@cnrs-thales.fr

 

From their first description by Kittel1 in 1951, the definition of antiferroelectrics has aroused numerous 
debates, even up to date2,3. It is generally admitted that two main features need to be gathered to establish 
a material as antiferroelectric: on the one hand, an antipolar crystal organization and, on the other hand, the 
existence of a polar phase close in energy and reachable by application of an electric field4. This latter 
feature is paramount for key applications involving antiferroelectricity. Indeed, the peculiar shape of the 
double hysteresis of polarization vs. electric field results from the volatile transition from an 
antiferroelectric (AFE) to a ferroelectric (FE) state and propels antiferroelectrics towards high-energy 
storage capacitors5, high-strain actuators6 and electrocaloric7 devices. Controlling the stability of the AFE 
state with respect to the FE one in thin films appears then as the cornerstone for the future integration of 
such materials into devices.

Eventhough , PbZrO3 is probably the most studied material among antiferroelectrics, no consensus can be 
clearly established on the nature of his ground state9,10, as well as on the influence of external stimuli over 
its physical properties. Here, we investigate the antiferroelectric state of 45-nm-thick epitaxial thin films of 
PbZrO3 grown by pulsed laser deposition on GdScO3(110) substrates, using a buffer electrode of 
Ba0.5Sr0.5RuO3. The characteristic structural periodicity of antiparallel dipoles at the atomic scale, combined 
with clear double hysteresis of the polarization-electric field response related to antiferroelectric to
ferroelectric phase transitions confirm the antiferroelectric nature of our films. Surprisingly, while the 
antiferroelectric state is identified as the ground state, temperature-dependent measurements show that a 
transition to a ferroelectric-like state appears in a large temperature window (100 K). Atomistic simulations 
further confirm the existence, and provides the origin, of such ferroelectric state in the films. Electric-field-
induced ferroelectric transitions are also detected by the divergence of the piezoresponse force microscopy 
response. Using this technique, we further reveal the signature of a ferroelectric ground state for 4-nm-thick 
PbZrO3 films. Compared to bulk crystals, these results suggest a more complex competition between 
ferroelectric and antiferroelectric phases in epitaxial thin films of PbZrO3.
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Figure 1: Temperature-induced phase transition inferred from scanning transmission electron microscopy. 
(a-e) HAADF-STEM images of the same PbZrO3 domain measured at 300 K (a), 420 K (b), 470 K (c), 
520 K (d) and 570 K (e). Insets on the HAADF images display polar plots showing the angle and magnitude 
distribution of the Pb displacements from their central positions. The bottom panels represent the angle 
(color scale) and magnitude (vector lengths) modulations of the Pb displacements.

We thank the French National Research Agency (ANR) for support through the project EXPAND (ANR-
17-CE24-
program (ANR-10-LABX-0035, LabexNanoSaclay), EquipEx MATMECA (ANR-10-EQPX-37), and a 
support from PHC Slovenian-French Proteus project BI-FR/19-20-PROTEUS-009.

References

(1) Kittel, C. Theory of Antiferroelectric Crystals. Phys. Rev. 1951, 82 (5), 729 732. 
(2) Rabe, K. M. Antiferroelectricity in Oxides: A Reexamination. In Functional Metal Oxides; Ogale, S. 

B., Venkatesan, T. V., Blamire, M. G., Eds.; Wiley, 2013; pp 221 244. 
(3) Shapovalov, K.; Stengel, M. Tilt-Driven Antiferroelectricity in PbZrO$_3$. arXiv December 22, 

2021.
(4) Sawaguchi, E.; Maniwa, H.; Hoshino, S. Antiferroelectric Structure of Lead Zirconate. Phys. Rev.

1951, 83 (5), 1078 1078. 
(5) Ye, M.; Sun, Q.; Chen, X.; Jiang, Z.; Wang, F. Effect of Eu Doping on the Electrical Properties and 

Energy Storage Performance of PbZrO 3 Antiferroelectric Thin Films. J. Am. Ceram. Soc. 2011, 94
(10), 3234 3236..

(6) Zhang, S.-T.; Kounga, A. B.; Jo, W.; Jamin, C.; Seifert, K.; Granzow, T.; Rödel, J.; Damjanovic, D. 
High-Strain Lead-Free Antiferroelectric Electrostrictors. Adv. Mater. 2009, 21 (46), 4716 4720.

(7) Liu, Y.; Scott, J. F.; Dkhil, B. Direct and Indirect Measurements on Electrocaloric Effect: Recent 
Developments and Perspectives. Applied Physics Reviews 2016, 3 (3), 031102. 

(8) Tagantsev, A. K.; Vaideeswaran, K.; Vakhrushev, S. B.; Filimonov, A. V.; Burkovsky, R. G.; 
Shaganov, A.; Andronikova, D.; Rudskoy, A. I.; Baron, A. Q. R.; Uchiyama, H.; Chernyshov, D.; 
Bosak, A.; Ujma, Z.; Roleder, K.; Majchrowski, A.; Ko, J.-H.; Setter, N. The Origin of 
Antiferroelectricity in PbZrO3. Nat Commun 2013, 4 (1), 2229. 

(9) Tolédano, P.; Guennou, M. Theory of Antiferroelectric Phase Transitions. Phys. Rev. B 2016, 94 (1), 
014107. 7.

12



13



14



15



16



Polar Mode Softening in Ferroelastic BiVO4 

Cosme Milesi-Brault,1 Marine Verseils,2 Jean-Blaise Brubach,2 Pascale Roy,2 Torsten 
Granzow,3,4 Elena Buixaderas,1 and Mael Guennou5,3,* 

1Institute of Physics of the Czech Academy of Sciences, Na Slovance 1999/2, 182 21 Prague, Czech Republic 
2Synchrotron SOLEIL, L’Orme des merisiers, Saint-Aubin, Gif-sur-Yvette, France 

3Inter-institutional Research Group Uni.lu–LIST on ferroic materials, 41 rue du Brill, 4422 Belvaux, Luxembourg 
4Materials Research and Technology Department, Luxembourg Institute of Science and Technology (LIST), 41 rue 

du Brill, 4422 Belvaux, Luxembourg 
5University of Luxembourg, Department of physics and materials science, 41 rue du Brill, 4422 Belvaux, 

Luxembourg 
*presenting author – mael.guennou@uni.lu

Bismuth vanadate BiVO4 belongs to the family of scheelites with general formula ABO4. It is composed 
of bismuth cations and VO4 tetrahedra (Fig. 1), and undergoes a ferroelastic phase transition at 525 K 
from a high-symmetry tetragonal phase with space group I41/a to a low-symmetry monoclinic phase with 
space group B2/b [1]. This phase transition has been known for a long time and was investigated in 
details due to its particular proper or pseudo-proper ferroelastic character. In particular, early light 
scattering studies have revealed its soft acoustic phonon mode at the zone center and the associated 
anomalies of the optical Raman-active modes [2,3]. In contrast, no attention has been paid to the polar 
modes, both per se and in relation to the weak dielectric anomaly accompanying the phase transition 
reported as early as 1974 [4] and successfully reproduced in our experiments (Fig. 1). In this work, we 
focus on the polar modes by infrared reflectivity measurements on BiVO4 single crystals.  

Figure 1: (left) Crystal structure of bismuth vanadate BiVO4. (right) Dielectric anomaly in 33 
accompanying the phase transition at 525 K.  

We first measured spectra at low temperatures for a better mode assignment. In the monoclinic phase, 15 
polar modes are expected that decompose into 7 Au modes polarized along the principal axis c and 8 Bu 
modes polarized perpendicular to it. Figure 2 shows the reflectivity spectra polarized along c. It exhibits 
the expected 7 modes, which in addition can easily be assigned to specific atomic displacements based on 
comparison with previous literature on scheelites. The spectrum can be fitted by a sum of independent 
harmonic oscillators, whereby the dominant contribution to the dielectric constant originates from the 
low-frequency mode involving translation of Bi and VO4 along the c axis.  
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Figure 2: Infrared reflectivity spectrum measured with polarization parallel to c at 10 K, and the best fit 
using 7 independent harmonic oscillators. The arrows below the plot indicate the mode positions. 

In a second step, we investigated the temperature evolution of the polar modes (Fig. 3). We observe the 
phase transition by the vanishing of modes that can be assigned to the three modes that become silent in 
the tetragonal phase (Bu symmetry in the 4/m point group). Focusing on the low-lying polar mode, we 
observe that this mode shows a pronounced softening at high temperature and shows a clear kink at the 
phase transition. Calculation of the contributions of the polar modes to the dielectric permittivity shows 
that this “soft” mode accounts for most of the low-frequency permittivity and for the kink observed in 
Fig. 1. This can be explained by a coupling between this polar mode and the soft acoustic mode driving 
the phase transition. 

Figure 3: (Left) Infrared reflectivity measurements at high temperatures across the ferroelastics transition 
in BiVO4, including the data and a fit using a sum of 4-parameter oscillators. (Right) Squared frequency 
of the low-lying “soft” polar mode. 

[1] David et al., Phase Transitions 1, 155 (1979)
[2] Pinczuk et al., Solid State Comm. 24, 163 (1977)
[3] Benyuan et al., Phys. Rev. B 24, 4098 (1981)
[4] Dudnyk et al., Fiz. Tver. Tela 16, 247 (1974)
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Properties of two-dimensional ferroelectrics within the 
monochalcogenide family 

Salvador Barraza-Lopez 

Department of Physics and MonArk NSF Quantum Foundry, 
University of Arkansas, Fayetteville, Arkansas 72701, USA. 

The physical properties of a family of two-dimensional ferroelectric materials with an in-

plane intrinsic polarization have been studied for about one decade [1]. Here, I will 

summarize contributions from my research group, as well as experimental results, to the 

understanding of the physical properties of these 2D ferroelectrics which are customarily 

known as group-IV monochalcogenide monolayers. To begin with, the 2D materials within 

this materials family that have been experimentally grown are SnS, SnSe, and SnTe, and 

all of them have been shown to have switchable electric dipole moments [2]. A two-

dimensional paraelectric phase driven by temperature occurs as the two lattice vectors on 

the rectangular unit cell change size and become of equal magnitude [3,4]. These 2D 

ferroelectrics are semiconductors, and a discussion of domain structures and their relation 

to electronic valley behavior will be presented as well [5]. Additional properties such as 

photostriction [6], thermoelectricity (considering the evolution of vibrational and 

electronic structures at the phase transition) [7], and of elastic properties around the 2D 

transition [8] will be provided, too. 

Work funded by the US Department of Energy (Grants DE-SC0016139 and DE-

SC0022120). Travel support was provided by the MonArk NSF Quantum Foundry, 

supported by the National Science Foundation Q-AMASE-i program under NSF Award 

DMR-1906383. 
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Engineering Ferroelectricity and Quadruple-Well State in
CuInP2S6 via Interfacial PbZr0.2Ti0.8O3

Kun Wang1, Du Li2, Jia Wang1, Yifei Hao1, Hailey Anderson1, Li 
Yang2, and Xia Hong1*

1 Department of Physics and Astronomy & Nebraska Center for 
Materials and Nanoscience,

University of Nebraska-Lincoln, NE 68588, USA
2 Department of Physics, Washington University in St. Louis, MO

63130, USA

Layered van der Waals CuInP2S6 (CIPS) exhibits room-temperature ferroelectricity with 
unconventional quadruple-well states. The high mobility of Cu ions in this two-
dimensional (2D) semiconductor makes it challenging to achieve nanoscale control of its 
polarization. Here we report the controlled domain formation and enhanced piezoelectric 
response in thin CIPS via the interface-mediated strain coupling with epitaxial 
PbZr0.2Ti0.8O3 (PZT). We deposit epitaxial 50 nm PZT on 10 nm La0.67Sr0.33MnO3 (LSMO) 
buffered (001) SrTiO3 (STO) substrate (Fig. 1(a)). Mechanically exfoliated CIPS flakes 
with thicknesses ranging from 8 to 300 nm are transferred on top of PZT (Fig. 1(b)), doped
Si, and Au base layers. Piezoresponse force microscopy (PFM) studies reveal random
domains formed in CIPS flakes on Si and Au, while the domain structure in thin CIPS (< 
25 nm) on PZT fully conforms to that in underlying PZT. The result indicates that the 
interfacial PZT can promote the polar alignment in thin CIPS. As shown in Fig. 1(c), this
polar alignment effect in CIPS vanishes with increasing CIPS thickness (tCIPS).

To probe the relevant length scale of the interfacial coupling effect, we extract the
piezoelectric coefficient d33 of CIPS ( ) on the three types of base layers. The
piezoresponse for CIPS on PZT can be divided into three regions: the negative d33 region 
I (tCIPS > 50 nm), the intermediate region II (25 < tCIPS < 50 nm), and the positive d33 region 
III (tCIPS < 25 nm). CIPS on Si and Au exhibits negative over the entire thickness
range, with the magnitude suppressed in the thin flakes. In sharp contrast, for thin
CIPS on PZT (region III) changes to positive and the magnitude increases exponentially 
with decreasing tCIPS. We also perform in situ PFM studies at elevated temperatures. While 
the Curie temperature (TC) for CIPS on Si and Au is close to the bulk value, TC for CIPS 
on PZT is enhanced by about 55%, reaching about 200 ºC.

To understand the interfacial coupling mechanism, we perform density functional theory
(DFT) modeling and Monte Carlo simulations of CIPS/PbTiO3 (PTO) heterostructures.
CIPS is known to exhibit unconventional quadruple-well energy (Fig. 1(d)), where the 
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ground state (GS) yields a negative d33. The metastable state (MS) corresponds to a larger 
Cu displacement and gives rise to a positive d33. Our DFT modeling reveals an interface-
mediated structural distortion in CIPS, which can modify the free energy profile of CIPS
(Fig. 1(d)). Such change favors an antialignment between the polarizations of CIPS and 
PZT. It also suppresses the energy barrier between the ground and metastable states,
making the metastable state the preferred one. This scenario naturally explains the sign 
change and enhanced magnitude of observed in thin CIPS on PZT.

The DFT calculations also indicate increased ferroelectric energy well for CIPS on PTO, 
which corresponds to an enhanced TC for CIPS. The Monte Carlo simulations show that
the TC for CIPS on PTO is 63% larger than that of standalone CIPS, in good agreement 
with the experimental result. Our study points to a new strategy to engineering 
ferroelectricity and piezoelectricity of the 2D ferroelectric CIPS.

*This work is primarily supported by the National Science Foundation (NSF) (Grant
Numbers DMR-2118828, DMR-1710461, OIA-2044049, DMR-2118779, and DMR-
2124934). The research is performed in part in the Nebraska Nanoscale Facility: National
Nanotechnology Coordinated Infrastructure and the Nebraska Center for Materials and
Nanoscience, which are supported by the National Science Foundation under Award No.
ECCS: 2025298, and the Nebraska Research Initiative. The computational resources are
provided by the Extreme Science and Engineering Discovery Environment (XSEDE),
which is supported by NSF through Grant Number ACI-1548562. D.L. and L.Y.
acknowledge the Texas Advanced Computing Center (TACC) at The University of Texas
at Austin for providing HPC resources.

Figure 1 (a) Schematic experimental setup. (b) Topography images of CIPS flakes transferred 
on PZT with pre-patterned domains of PZT. (c) The corresponding PFM image. The dotted lines
outline the edges of CIPS flakes with different thicknesses. The domain structure in 15 nm and 
18 nm CIPS fully conform to that in PZT, while thicker flakes show spontaneous formation of 
stripe domains. (d) Schematic ferroelectric quadruple-well energy for standalone CIPS (red 
dotted line) and CIPS on Pdown domain in PZT (blue solid line).
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Understanding stabilization and switching of out-of-plane polarization in 2D ferroelectrics 

Nikhil Sivadas, Peter Doak, Bobby G. Sumpter and P. Ganesh 
Center for Nanophase Materials Sciences (CNMS), Oak Ridge National Laboratory, TN, USA 

Recently, ferroelectricity in layered 2D van der Waals materials has attracted a lot of attention because of 
its applications in high-density nonvolatile memory devices [1]. However, very few layered 2D materials 
demonstrate switchable out-of-plane polarization. Of them, the transition metal thiophosphates are a 
promising family of materials that host out-of-plane ferroelectric (FE) distortions with large values of 
polarization. The FE phase in this family is characterized by a negative piezoelectric response and a 
negative electrostriction, along with large dielectric tunability. This has led to device applications such as 

FE tunnel junctions and 
FE field-effect 
transistors. Despite 
their growing interest, 
a clear understanding 
of the origin and 
stabilization of the 
polar phase, and its 
field-induced switching 
pathway is still lacking. 

Of the transition metal 
thiophosphate analogues, we study CuInP2Se6 (CIPSe) and CuInP2S6 (CIPS). Using first-principles 
calculations and group-theoretical based models, we study the origin and stabilization of ferroelectric 
polarization in these layered 2D ferroelectrics, specifically CIPSe. We find that (Figure 1) [2] the polar 
ground state is stabilized by an anharmonic coupling between the polar mode and a fully symmetric 
Raman-active mode, allowing to classify CIPSe. It distinguishes CIPSe from other proper FEs where the 
polar phase is driven by a change in hybridization, or through steric effects, or through a hyper-FE 
mechanics, or an entangled FE (see Fig. 1(b)). In CIPSe, a large distortion reminiscent of an ionic conductor 
result in the anharmonic stabilization of the ferroelectric polarization. Our results open possibilities for 
controlling the single-step 
switching barrier for 
polarization by tuning the 
Raman-active mode.  

We further perform large 
supercell calculations to 
understand field-induced 
switching in these layered 2D 
ferroelectrics, specifically the 
CIPS system [3], where multiple 

are claimed 
to exist [4] (+/- LP & HP-states). 
Between the two lowest-
energy ferroelectric states (+/- 
LP-states), we find a series of 
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metastable structures with similar energies but with different local polar order. Interestingly, the 
piezoelectric response for all these metastable structures scales proportional to the total polarization in 
the system, where the polarization itself, to our surprise, (Figure 2) is a monotonic linear function of the 
fractional occupation of the polar Cu sites. While results for a 2x2 supercell is shown here, we have also 
studied larger supercells. This linear dependence on the fractional occupancy of the polar Cu- site occurs 
due to the negligibly low ~13.5 meV coupling energy between adjacent polarization, compared to the 
onsite-energy gain of ~250 meV for undergoing a predominantly Cu-driven localized polar distortions.  
This suggests that CIPS will switch incoherently via a series of metastable structures involving independent 
switching of unit-cell dipole-moments, above a critical field, resulting in a slanted hysteresis loop, 
reminiscent of what was measured experimentally [4] (Figure 3). The wide range of piezoelectric response 
obtained over these metastable structures is also consistent with the broad continuum of piezoelectric 
constants measured in experiments [4], supporting our new finding of incoherent field-induced 
polarization switching in this family of 2D ferroelectrics. This single-site switching will lead to scale-free 

polarization in 
CIPS, and is 
very much 
unlike a 

conventional 
oxide 

ferroelectric, 
but perhaps 
somewhat akin 
to mixtures of 
oxides (e.g. 

Hafnia/Zirconia) that switch between FE and AFE phases. 

Given the probability of switching one Cu-atom is the same as switching the entire bulk, the system 
effectively behaves as a non-interacting ising gas. As structures formed with different polar ordering have 
a barrier between them, these states will remain metastable when the field is below the critical field. As 
such, this continuum of metastable states can lead to memristive behavior, controlled by local field 
switching that can toggle above/below the critical-field. Abundance of metastable structures also raise 
the possibility of inducing negative capacitance in specific regions of the material, in a device architecture.  
Implications of these findings for low-power electronics will also be discussed.   
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Neuromorphic computing with ferroelectric relaxors 
B. Dkhil*
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An artificial neural network is basically an ensemble of neurons connected by weighted synaptic 
connections allowing superior computing performances over classical von Neumann-based systems in 
processing cognitive and data intensive tasks, such as real-time image recognition, data classification or 
natural language processing, to cite a few. Typically, the information represented by a weight for each 
synapse is transmitted from the pre-synaptic neuron to the post-synaptic neuron. The network is then 
trained by updating its synaptic weights to perform a specific task. In the race for efficient materials to 
emulate neuronal and synaptic functions, ferroelectrics (oxides and PVDF-based polymers) and relaxors 
are good candidate materials.  

Here, as an introduction, we will show some results on classical ferroelectric PVDF-based 
memristors [1, 2] showing synaptic functions we used e.g. to realize associative memory information 
processing [3]. We will then take advantage of the polar instabilities and flat energy landscape 
characteristics of relaxors to exploit this special class of ferroelectrics for mimicking neuromorphic 
elements [4]. We show that field-induced transitions are useful for tuning the capacitance and polar 
responses along multiple states and in a non-volatile manner to reproduce memristor and memcapcitor 
behaviors. We use such component to emulate some fundamental learning rules including short-term and 
long-term memory, spike-timing- and spike-rate-dependent-plasticity, etc  [5, 6]. Figure 1 shows 
multiple capacitance states in a PbMg1/3Nb2/3O3-PbTiO3 single crystal we can achieve by using electric 
pulses. Depending on the pulses (amplitude, number), long-term potentiation and depression behaviour 
can be attained and used to reinforce or weaken the stored information in this memcapacitor to mimic the 
behaviour of synapse. These findings may open a new field of research dedicated to employ relaxors for 
the design of neuromorphic architecture and computing.
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Figure 1: multicapacitance states achieved in a PbMg1/3Nb2/3O3-PbTiO3 single crystal using electric pulses 
of 1.6 kV/cm and 2.1 kV/cm amplitudes [Long Cheng et al, to be published]. P and D indicate 
Potentiation and Depression, respectevively, i.e., strenghening and weakening, respecteviely of the 
memcapacitor 

[1] X. Niu et al, Applied Physics Reviews 9, 021309 (2022)
[2] B.B. Tian et al., Advanced Electronic Materials 5, 1800600 (2019)
[3] M. Yan et al., Advanced Electronic Materials 7, 2001276 (2021)
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Understanding, Controlling, and Using Relaxor Ferroelectric Thin 
Films
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The discovery of ultrahigh piezoelectricity in [001]-oriented single-crystal relaxors twenty-
five years ago sparked intense efforts to elucidate the origin of this large piezoelectric 
effect. Such large effects benefit from the ease of polarization rotation from rhombohedral 
to tetragonal symmetries near a morphotropic phase boundary or supercritical state. 
Although early studies revealed such polarization rotation as a plausible mechanism to 
explain the observed effects, the nature of diffraction experiments used to extract this 

12) unit cells) also obscured potential (simultaneous) 
mesoscopic mechanisms. Understanding such mesoscopic phenomena is particularly 
important for systems where the local disorder governs physical properties. This is 
especially true in relaxors where nanoscale polar structures form by the spontaneous short -
range correlation of dipoles over just a few nanometers ( 4

and are believed to play a dominant role in facilitating polarization rotation (so-called polar 
nanodomains, PNDs). The relationship of PNDs and polarization rotation has been 
extensively discussed in various frameworks including those exploring adaptive phase 
theory, lattice softening, phonon localization, the concept of a morphotropic relaxor 
boundary and collinear domain structures. But despite such efforts, the evolution and exact 
role of PNDs during polarization rotation remains to be fully understood. The challenge 
lies in characterizing the PNDs as the polarization rotates across different characteristic 
stages under external perturbations (for example, electric field and mechanical stress).

In this talk, we will explore a multi-year, multi-group effort to develop such 
understanding and enable robust relaxor function in thin films. Among different topics that 
we will cover, we will explore biaxial-strain-induced evolution of and correlations between 
polar structures and properties in epitaxial films of the prototypical relaxor ferroelectric 
0.68PbMg1/3Nb2/3O3-0.32PbTiO3. There, X-ray diffuse-scattering studies reveal an 
evolution from butterfly- to disc-shaped patterns and an increase in the correlation-length 

-dynamics (MD) 
simulations reveal the origin of the changes in the diffuse-scattering patterns and that strain 
induces polarization rotation and the merging of the polar order. As the magnitude of the 
strain is increased, relaxor behavior is gradually suppressed but is not fully quenched. 
Analysis of the dynamic evolution of dipole alignment in the simulations reveals that, 
while, for most unit-cell chemistries and configurations, strain drives a tendency toward 
more ferroelectric-like order, there are certain unit cells that become more disordered under 
strain, resulting in stronger competition between ordered and disordered regions and 
enhanced overall susceptibilities. This implies that deterministic creation of specific local 
chemical configurations could be an effective way to enhance relaxor performance.1

Using these epitaxial films as model systems has, in turn, enabled us to explore other 
effects, including probing the dynamics of polarization evolution and rotation in via in 
operando synchrotron-based X-ray diffraction with AC electric fields. There, a frequency-
limited suppression of polarization rotation was observed above ultrasonic frequencies (20 
kHz). The nature of this suppression was informed by scanning transmission electron 
microscopy in the zero-field state, where a high density of nanoscale, low-angle domain 
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walls was observed. In combination with switching dynamics studies, the results suggest 
that the suppression of polarization rotation at ultrasonic frequencies is due to the large 
activation field needed to move the domain walls when the polarization rotates between 
different monoclinic phases. These results are critical in understanding piezoelectric 
relaxation phenomena in relaxor ferroelectrics.2

Building from this work, and then applying a combination of real- and reciprocal-
space experimental probes and MD simulations, including in operando hard X-ray 
diffraction studies of both Bragg and diffuse scattering, we simultaneously interrogated the 
unit-cell and mesoscale structures. In turn, this multimodal approach allows for the detailed 
examination of correlations between polarization and PNDs and the effect of local 
chemistry, strain, and electric field on their co-evolution and reveals the underappreciated 
role of strain in enabling the large electromechanical coupling in relaxors. It is found that 
as the strain increases, the competition between chemistry-driven disorder and strain-
driven order of the polar units intensifies, which is manifested in the coexistence of inclined 
and elongated PNDs in the intermediate step of polarization rotation. Our findings establish 
that the structural transitions between PND configuration underpins the polarization 
rotation and large electromechanical coupling of relaxors.3

Finally, we will explore a range of other exciting areas made possible through the 
study of thin film relaxor materials. Including, exploring size effects in relaxors where we 
see an unexpected enhancement of relaxor order as film thickness is reduced, before a 
collapse of the order in the ultra-thin limit. We further delve into the mechanisms for this 
evolution.4 Additionally, also explore how the production and control of thin-film versions 
of these materials also opens up new possibilities for applications. For example, we have 
demonstrated pyroelectric energy conversion of low-grade thermal sources via pyroelectric 
Ericsson cycles that produce maximum energy density, power density, and efficiency of 
1.06 J cm 3, 526 W cm 3 and 19% of Carnot, respectively; the highest values reported to 
date and equivalent to the performance 
a temperature change of 10 K.5 And, we have used control of defects in these materials to 
improve the energy storage performance of relaxor ferroelectric thin films for capacitive 
energy storage. The introduction of intrinsic point defects created by ion bombardment 
reduce leakage, delay low-field polarization saturation, enhance high-field polarizability, 
and improve breakdown strength. We demonstrate energy storage densities as high as ~133 
joules per cubic centimeter with efficiencies exceeding 75%.6
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The growing need for materials that provide dynamic modulation of optical properties has become 

of paramount importance with the advent of quantum and optical based communications.  

Materials with the ability to switch dynamically between an opaque and transparent state are 

actively being developed with potential for multiple applications from optical switches to energy 

harvesting and quantum encoding and networking. Electrical switching of ferroelectric domains 

and subsequent domain wall motion promotes strong piezoelectric activity, however, light scatters 

at refractive index discontinuities such as those found at domain wall boundaries. Thus, 

simultaneously achieving large piezoelectric effect and high optical transmissivity is generally 

deemed infeasible. Here, it is demonstrated that the ferroelectric domains in perovskite 

Pb(In1/2Nb1/2)O3 Pb(Mg1/3Nb2/3)O3 PbTiO3

electrical field and mechanical stress to reversibly and repeatably, with small hysteresis, transform 

the opaque polydomain structure into a highly transparent monodomain state. We show, for the 

simultaneously realizing an extremely large piezoelectric res

ferroelectric phase transformation. This control of optical properties can be achieved at very low 

electric fields (less than 1.5 kV cm 1) and is accompanied by a large (>10,000 pm V 1)

piezoelectric coefficient that is superior to

more. The coexistence of tunable optical transmissivity and high piezoelectricity paves the way 

37



for a new class of photonic devices.It is well established that domain engineered ferroelectric 

single crystals deliver an order of magnitude improvement in piezoelectric properties compared to 

conventional PZT. The unusual electromechanical properties of these domain engineered single 

crystals of PbZn1/3Nb2 PbTiO3 (PZN-PT) and -PT) have 

been demonstrated for the compositions poised at the ferroelectric rhombohedral (FR) side of the 

morphotropic phase boundary (MPB), with domain engineering regarded as one of the most 

significant breakthroughs in relaxor ferroelectrics for enhanced actuation performance. To exploit 

the extremely large actuation capabilities of these new single crystal piezoelectric materials, the 

stability of their crystallographic variants is critical as well as the ability of the material to respond 

quickly to changes in electrical or stress fields. (see Finkel et al , Adv Mat, 13 November 2021. 

https://doi.org/10.1002/adma.202106827). The latter is determined through an understanding 

omain switching 

response [1] . In this work, we explored this stability using 

in situ electric field synchrotron X-ray diffraction at the 

XMaS beamline (BM28), at the European Synchrotron 

Radiation Facility (ESRF, Grenoble, France). The electric 

field induced and mechanical stress induced ferroelectric-

ferroelectric phase transitions were studied as a function of 

frequency, field and static stress in the relaxor ferroelectric 

system Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-PT) (lead indium niobate 

lead magnesium niobate lead titanate) for compositions close to the morphotropic boundary. The 

novel in situ PE loop and strain measurement system was used on the XMaS facility, with strain 

measured using a strain gauge affixed to the side of the sample. The X-Ray data was collected in 

a synchronous manner to the application of electric field.

engineered relaxor ferroelectric crystals of Pb(In1/2Nb1/2)O3 Pb(Mg1/3Nb2/3)O3 PbTiO3,

monodomain monoclinic state can be stimulated by electric field or stress. These transitions lead 

to bimodal functionality variable optical transparency as well as a giant effective piezoelectric 

effect.
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The energy storage performance in a given ferroelectric system strongly depends on the 

domain structure and break-down field. Relaxor ferroelectrics with slush polar states 

exhibiting high density of domain walls and nanoscale domains could be an ideal candidate 

to achieve outstanding energy storage efficiency. In addition, doping is a common 

approach to suppress leakage current and improve the break-down field, which is critical 

to achieve excellent energy storage density. Integration of both aspects in one material is 

extremely challenging as it involves time-consuming optimization of multiple cations. In 

this work, using BaTiO3 as a model system, we demonstrated a machine learning (ML) 

enabled fast discovery of new relaxor ferroelectric thin films with five cations for superior 

energy storage performance. The formation of slush polar states at nanoscale was 

understood by phase field simulation and confirmed by aberration-corrected scanning 

transmission electron microscopy. The formation of nanoscale domains and break-down 

field enhancement via multiple cation doping are contributed to the excellent energy 

storage efficiency and density. Such a design principle can be applied to other ferroelectric 

systems for enhanced energy storage applications. 
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Ferroelectric materials are known to exhibit a reversible spontaneous electric polarization 
whose magnitude and sign can be precisely tuned, in particular by electric field. What makes 
ferroelectrics very interesting, by offering rich physics and a high potential for applications, is 
the coupling between their electric polarization and other properties. The coupling between 
electric polarization and mechanical deformation leads, for instance, to remarkable
piezoelectric response with numerous applications in microelectromechanical systems 
(MEMS) - actuators and sensors. Their interaction with light has shown above bandgap 
photovoltages, induced by a particular polarization-related charge-separation mechanism in 
ferroelectrics, the so-called bulk photovoltaic effect [1, 2]. In addition, the complex interplay 
between light, ferroelectric polarization, and deformation induces photostriction a
mechanism of non-thermal deformation under illumination which is usually described in a 
ferroelectric as a combination of photovoltaic and piezoelectric effects [3-5]. Photoinduced 
effects in ferroelectrics offer thus a wide field of possible investigations into interesting physics 
and exciting new applications [6], with the potential for remote (optical) control. 

In this talk, I will present studies on the control of photovoltaic effect and photostrictive 
response by tuning the ferroelectric polarization in the prototypical Pb(Zr,Ti)O3 ferroelectric 
material, epitaxially grown in thin films and integrated into microdevices. 
The first part will be focused on the investigation of the ferroelectric polarization dependence 
of the photovoltaic (PV) response in PZT-based ferroelectric heterostructures [7, 8]. The 
direction of the ferroelectric polarization can control the sign of both short-circuit photocurrent 
(Isc) and open-circuit voltage (Voc), theoretically allowing for 100% switchability of the PV
characteristics. In practice, this switchability is often limited in ferroelectric thin films 
integrated between electrodes due to asymmetric behaviors originating from interfacial PV 
effects and the presence of an unswitchable internal bias field. In this work, we report a 
symmetric capacitor structure demonstrating a clear proportionality between Jsc (Voc) and the 
remanent polarization, allowing to achieve a 100 % switchability of the photovoltaic response.
Thanks to this quantitative polarization dependence of Jsc and Voc, both can be used as a non-
destructive read-out signal of the polarization states in ferroelectric memory devices. Multiple 
polarization states have been created, whose number is only limited by the electrical writing 
step precision, thanks to the very high sensitivity of the optical reading method. Oxide memory 
devices based on 3-bit data storage have been assessed, showing very good performance in 
terms of data retention, fatigue behavior, and repeatability of writing and reading cycles. This 
reported non-destructive optical reading of multistate polarization based on the switchable 
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polarization-dependent PV response in ferroelectrics offers great promise for next-generation 
ferroelectric memory devices with increased memory storage density and lower power 
consumption.
The second part of the talk will be dedicated to the investigation of photostriction in PZT thin 
film-based devices [9, 10]. While photostriction has been reported in ferroelectric ceramics,
single crystals, and more recently in thin films at ultrafast time scales [11], all these studies 
were conducted on classical ferroelectrics, with as-grown polarization state, and no attempt to 
engineer their photostrictive response. It is thus very timely, but also of fundamental and 
technological importance to investigate photostriction tuning in integrated ferroelectric thin 
films. Here, I will present studies on the control of photo-induced strain by tuning the 
ferroelectric polarization in PZT thin films integrated in devices. A control of both magnitude 
and sign of ultrafast photo-induced strain has been demonstrated in PZT integrated in micro-
capacitors [9]. We have also achieved a non-thermal optical actuation of PZT-based MEMS 
[10], showing that light can induce either upwards or downwards bending of a ferroelectric-
based microcantilever, depending on the polarization state of the ferroelectric thin film. These 
results have important implications for the development of optically driven microdevices, and 
more generally for the light-mediated engineering of materials and devices functionalities.   
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The von Neumann computer architecture is experiencing difficulties with both scaling and power 
consumption requirements, and as a result, new computing paradigms are being actively explored. Even 
more revolutionary would be a complete or partial switch from electrons to photons. Infrared silicon 
photonics is one possible avenue for realizing such an alternative computing paradigm [1,2]. This 
technology will ultimately require integration of active and passive photonic elements on a single chip. One 
key photonic element is an optical modulator. 

Integrating ferroelectric oxides such as LiNbO3 and BaTiO3 with silicon photonics enables fabricating ultra-
small and efficient electro-optic modulators exploiting the linear electro-optic effect [2]. I will focus on the 
electro-optic (EO) response via the Pockels effect in films of ferroelectric perovskite BaTiO3 (BTO). The 
majority of reports to date discusses the integration of BTO with silicon using molecular beam epitaxy
(MBE), the technique is slow and not compatible with industrial manufacturing [3,4]. This problem can be 
alleviated using rf-sputtering [5]. The EO response being a tensor property, is very sensitive to crystal 
microstructure. I will discuss the relation of the film microstructure to its EO properties. The microstructure 
of films grown by MBE [4] differs from that of films grown by sputtering [5] and that has an effect on the 
optical properties of the film [6].

Using a finite element implementation of the phase field model, we simulated the near-surface portion of a 
BTO thin film integrated on a SrTiO3/Si substrate, as used in hybrid EO modulators [4,5]. Our simulation
results show a mosaic of orthogonal a-oriented domains with only an in-plane component of polarization,
in agreement with the experimental observations [7]. We investigated the relationship between the 
polarization and crystallographic domains and find that the two domains do not necessarily have the same
distribution across the BTO thin film. Despite the film being in the tetragonal phase, a quasi-orthorhombic 
phase is found in the transition regions between crystallographic domains of different orientation. The thin 
film Pockels coefficient morphology follows the same pattern as the crystallographic and polarization 
domains. Our results also imply that the effective Pockels coefficients of BTO thin film EO modulators are
very sensitive to the details of the domain morphology as well as the domain wall distribution because the 
Pockels coefficient morphology is determined by crystallographic and polarization domain morphologies.

The morphology of epitaxial BTO thin films on STO-buffered Si substrate is formed during cooling in 
vacuum from growth to room temperature. We use phase field simulations to investigate this process and 
provide a guide for temperature-strain control in BTO epitaxial growth to achieve application-specific film 
morphology [8]. As experimental data on the state of the film in the growth chamber is scarce, we consider
three plausible scenarios. The simulations allow us to reconstruct the cool down path in the temperature-
strain phase diagram, as well as the corresponding domain morphology (DM) evolution along the chosen 
path. We find that c-axis oriented BTO, which is appropriate for z-cut devices, is quite stable under slow 
cooling and fully strained condition, while a-axis oriented BTO, which is appropriate for x,y-cut and hybrid 
devices, is preferred under the condition that BTO fully relaxed under growth temperature and contract 
with Si thermal expansion coefficient during fast cooling. In order to achieve a predictable BTO DM (phase)
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formation during the thin film growth process, this suggests that the cooling rate can be used as a tool to 
control the strain field in the BTO film.

At the fundamental level, the EO response in BTO is controlled by its rather large electron-phonon coupling 
(the Raman or the ionic response) and by the strong converse piezoelectric effect [9]. I will discuss the first 
principles calculations of the Pockels tensor in the room-temperature tetragonal and low-temperature 
rhombohedral BaTiO3. The cryogenic conditions necessary for optical quantum computing and other 
applications make this an important phase for using EO modulators based on the Pockels effect in Si-
integrated BTO films [10]. We identify the modes having greater Raman susceptibilities and therefore large 
contribution to the EO response, and show how their displacement patterns induce changes in Ti-O bonding 
that strongly affect the band gap and electronic susceptibility. Bridging the microscopic origins of the 
Pockels response with the mesoscopic level of the DM is critical for identifying new material candidates 
and improving the known ones.

The work is supported by the Air Force Office of Scientific Research under grant FA9550-18-1-0053.
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Strain is key to engineering the domain structures and functional properties of ferroelectric

epitaxial thin films and nanostructures. A strain phase diagram describing the

thermodynamic stability of different phases and domain variants as a function of strain and 

other thermodynamic variables can be judiciously utilized for strain engineering of 

ferroelectrics. However, existing approach to establishing the strain phase diagrams of 

ferroelectric materials either rely on overly simplified a priori assumptions on the 

phase/domain configuration, e.g., single-domain states, or require extensive phase-field 

simulations to fully probe the domain states over the high-dimensional space of strains.

Here, we propose a general thermodynamic framework which allows one to efficiently 

obtain multi-phase and multi-domain diagrams of arbitrarily strained or stressed solids. We 

demonstrate the general approach by constructing various strain phase diagrams of 

ferroelectric materials, including three-dimensional temperature-strain-strain diagrams of 

PbTiO3, three-dimensional temperature-strain-composition diagrams of uniaxially-strained 

Pb(Zr1-xTix)O3, and temperature-film thickness-strain diagrams of Hf0.5Zr0.5O2. We discuss

the generalized Gibbs phase rules, topological characteristics of the diagrams,

critical/multi-critical points, and the common-tangent construction to evaluate the fractions

of coexisting phases/domain variants, which can find analogies to the well-known 

temperature-composition phase diagrams. Our theoretical approach offers a new

perspective on understanding the thermodynamics of strained solids and the capability to 

efficiently construct strain phase diagrams in high dimensions which can be utilized to 

guide the strain engineering of ferroic and multiferroic materials.
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Fig. 1 | Calculated 3-D temperature-strain-strain and temperature-stress-stress
multi-phase/multi-domain diagrams of biaxially strained PbTiO3 and their 2-D cross 
sections. (A) The temperature-stress-stress phase diagram. (B) The temperature-strain-
strain phase diagrams. (C) The isothermal stress-stress phase diagram at T = 1000 K. (D)
The isothermal strain-strain phase diagram at T = 1000K. (E) The temperature-stress for 
equi-biaxial 2-D stress with . (F) The temperature-strain for equi-biaxial 2-D strain
with .
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Ferroelectric HfO2-based materials are
promsing for integration into modern
electronics due to their compatibility
with existing CMOS technology. A core
problem for HfO2-based ferroelectrics is
the stabilization of the otherwise
metastable ferroelectric orthorhombic
structural phase (Pca21, o phase; Fig.
1a) [1]. It is commonly accepted that the
formation of the ferroelectric phase in
HfO2 favours small grains both as a
mechanism of lowering the o-phase
energy and as a result of kinetic
stabilization [2]. The small grain sizes
reduce crystallinity (degree of structural
order) and makes it challenging to
elucidate the intrinsic crystal structure
and properties of the ferroelectric o
phase.

On the other hand, if the stability 
of the o phase can be enhanced by 
additional mechanisms, the 
ferroelectricity may reconcile with high 
crystallinity in HfO2-based materials. 
This would allow the manifestation of 
intrinsic properties and enable better 
performance in device applications.  

We investigate molar 5% YO1.5-
doped HfO2 (YHO) epitaxial thin films 
with (111) orientation grown on LSMO(001)/STO(001) and LSMO(110)/STO(110) substrates, where 
LSMO and STO stand for La0.7Sr0.3MnO3 and SrTiO3, respectively. [3] We have studied the growth over 

pressure range of 1 to 150 mtorr and determined that the optimal 
condition as 70 mtorr O2  accroding to remanent polarization. Importantly, there is clear positive 
correlation between the crystallinity and the polarization, which is consistent with a structural constraint 
mechanism [4]. 

To cross-check ferroelectricity, the YHO films were studied by the temperature-dependent 
measurements of the polarization hysteresis loops. Figure 1(b) shows the P V loops for the 
YHO(111)/LSMO(001) films grown under the optimal condition, with a weak temperature dependence 
between 20 and 300 K. For the YHO(111)/LSMO(110) films grown under the optimal condition, Pr 
increased from 2 2 at 300 K (Fig. 1c). A comparison of the temperature 

Figure 1. (a) Crystal structure of HfO2 of the Pca21 space group 
with downwards polarization (P). Ferroelectric P V loops 
measured by the positive-up negative-down method at 
temperatures ranging from 20 K to 300 K for YHO(111)/ 
LSMO(001) /STO(001) (b) and YHO(111)/ LSMO(110)/ 
STO(110) (c). (d) Remanent polarization Pr as a function of 
temperature. Error bars represent the uncertainty in the Pr values 
calculated from the statistical analysis of multiple measurements 
from two different capacitors in each sample. All samples were 
grown in 70 mtorr O2 
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dependence of Pr for the two different films is shown in Fig. 1d. The moderate overall change in Pr with 
temperature also indicates that the contribution from intrinsic ferroelectricity dominates even at room 
temperature. 

The high crystallinity of 
YHO films allows for the 
determination of the crystal 
structure, which is critical for 
understanding the ferroelectricity. 
The lattice constants of YHO were 
probed by measuring the spacing 
of the {200}pc planes. As shown in 
Fig. 2a, the {200}pc diffraction 
profiles show two distinct peaks, 
corresponding to lattice constants 
of 5.20 ± 0.01 and 5.07 ± 0.01 Å. 
The substantial difference 
between a and {b, c} but the very 
close value between b and c is 
consistent with the orthorhombic 
Pca21 structure. Besides the lattice 
constants, the o phase 
distinguishes from the tetragonal 
(t) phase in two lattice distortion
patterns (Fig. 2d,e), allowing the
diffraction of the orthorhombic
{010}o and {110}o planes, which
are shown in Fig. 2(b) and (c).
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The discovery of robust switchable, polarization in thin hafnia films [1], and bulk yttrium-doped 
hafnia [2,3] makes hafnia an attractive material for next generation electronics in addition to its 
compatibility with silicon[4]. However, the stabilization of ferroelectricity in hafnia has been elusive.
Here we used density functional theory (DFT) to investigate the stabilization of ferroelectricity in hafnia
with epitaxial strain, and external electric field and provide possible mechanism to stabilize 
ferroelectricity in hafnia.

First, we show using group theory the relationships between the high symmetry tetragonal phase 
and the different monoclinic and orthorhombic hafnia polymorphs. We find that subjecting the tetragonal 
phase to tensile strain leads to unstable modes. We find that the zone boundary mode M1 is central to 
distorting the tetragonal into the various polymorphs (Fig.[1]). This mode, which becomes a soft mode,
under tensile strain can couple to zone center modes like or and leads to the baddeleyite
(monoclinic), the Pca21 phases respectively.

We show the existence of a novel polar phase of hafnia, the Pna21, that can be stabilized from the 
tetragonal using strain and electric field. We find that under high tensile strain (aepi > 5.3 Å) the tetragonal 
phase distorts into Pbcn phase, which in turn becomes the Pna21 phase when an external electric field is 
applied

We demonstrate that the application of electric field makes the ferroelectric Pca21 phase most 
stable for a range of epitaxial lattice aepi < 5.3 Å (Fig.[2](c) and Fig.[2](d)). This polar phase remains even 
upon removal of the electric field. We find that the value of the electric field beyond which ferroelectric 
hafnia becomes most stable ( 100 MV/m) is well within the strength of the electric field used in wake up 
processes[5,6]. We thus provide an explanation for the wake up effect as a ferroelectric phase transition 
driven by electric field.

We find that the baddeleyite (100) and the Pbcn (100) can coexist, according to the lever rule, as 
they share a common tangent. This stress (7.2 GPa) will remain constant for the range of epitaxial lattice 
constant 5.23 Å < aepi < 5.59 Å, and that more Pbcn phase will form if the lattice constant is increased 
further. If under these conditions an external electric field is applied the system then becomes 
ferroelectric.

This work is supported by U. S. Office of Naval Research Grants No. N00014-20-1-2699, and the 
Carnegie Institution for Science. Computations were supported by DOD HPC, Carnegie computational
resources, and REC gratefully acknowledges the Gauss Centre for Supercomputing e.V. 
(www.gausscentre.eu) for funding this project by providing computing time on the GCS Supercomputer 
SuperMUC-NG at Leibniz Supercomputing Centre (LRZ, www.lrz.de).
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Figure 2  Electric enthalpy vs epitaxial lattice constant for |E| = (a) 0 MV/m, (b) 50 MV/m, (c) 100 MV/m, and (d) 200 MV/m
showing the stabilization of the polar Pca21 (circle) and Pna21 (grey triangle) under strain and electric field. 
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Figure 1 Group-subgroup relationships between different hafnia polymorphs. The order parameter 
responsible for the distortion are indicated. 

64



65



66



67



68



69



70



71



72



Dislocation-tuned functionality in BaTiO3 single crystals: the role 

of anisotropy and its applications  

Fangping Zhuo1, Xiandong Zhou2, Shuang Gao1, Marion Höfling3, 

Jurij Koruza4, Bai-Xiang Xu1, and Jürgen Rödel1

1Department of Materials and Earth Sciences, Technical University of 
Darmstadt, 64287 Darmstadt, Germany 

2College of Architecture and Environment, Sichuan University, 
Chengdu 610207, China 

3Department of Physics, Technical University of Denmark, 2800 Kgs. 
Lyngby, Denmark 

4Institute for Chemistry and Technology of Materials, Graz University 
of Technology, A-8010 Graz, Austria 

The most common 1D line defects, dislocations, in contrast to metals, had been avoided 

at all cost in classical semiconductors for fear of implementing additional charge carrier 

scattering [1]. The situation is different in the field of oxide ceramics, whereas the control 

of dislocations is a new suite of tools for tailoring and developing specific functionalities, 

including superconductivity [2], photoconductivity [3], and anisotropic thermal transport 

[4]. In the case of ferroelectrics, due to their inherently strong coupling between lattice 

(strain) and charge (polarization) degrees of freedom [5], they are recognized as a good 

platform for the expansion and optimization of the dislocation-based functions in 

ferroelectrics. Introducing dislocations into ferroelectrics, in turn, is expected to largely 

affect the lattice deformation and charges that related to polarization. 

Recently, we demonstrated that [110]-type dislocation networks imprinted in higher 

dimensional 2D topological domain walls provide a new concept for manipulating the 

mobility of ferroelectric domain walls as well as a macroscopic restoring force for yielding 

a 19-fold increase in piezoelectric coefficient [6]. Very recently, by establishing the 
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geometric line-plane relationships, we introduced a general framework for engineering 1D 

and 2D defects, and demonstrated its full potential on a prototypical ferroelectric bulk 

BaTiO3 single crystal [7]. We explored a different method using controlled plastic 

deformation [7,8] to mechanically embed directed mesoscopic [100]-type dislocation 

networks in anisotropically distributed 2D domain walls. Even more, we are able to directly 

control anisotropic electromechanical properties by taking full use of dislocation-domain 

wall interactions based on domain-wall pinning force anisotropy. Phase-field simulations 

and driving force calculations were applied to achieve deep mechanistic understanding. 

This works inspires a general idea for tailoring functionality through dislocation in ferroic 

materials. All these merits give us a good paradigm of how can we optimize material 

functionality covering a range of anisotropies (crystallographic anisotropy, dislocation 

orientation, domain-wall distribution, dislocation-domain wall configuration), deformation 

mechanisms and nanomechanics.  
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Polar bubbles are particle-like ferroelectric domains that can spontaneously form in 
ferroelectric/dielectric heterostructures comprising ultrathin Pb(Zrx,Ti1-x)O3 and SrTiO3 
layers [1-3]. Stabilized by a delicate balance between electrostatic, gradient and elastic 
energies, polar bubbles possess many technologically prominent properties such as room-
temperature stability [2,3], sub-10nm size [2-4] and the possibility to deterministically 
write or erase bubbles using local electric fields and pressure [4]. From a more fundamental 
perspective, polar bubbles can be also seen as electric analogues of magnetic skyrmions 
[3]. However, while the latter are known for their non-trivial dynamical properties [5,6], 
the possibility of either spontaneous or controlled motion of polar bubbles currently 
remains elusive. 

Here, we investigate the motion of polar bubbles [7] in partially screened 
Pb(Zr0.4,Ti0.6)O3 films using ab initio based effective Hamiltonian simulations.  Our results 
show that, depending on the external conditions, bubbles can either form a dynamically 
arrested glass-like state or a dynamic gaseous phase. The latter is characterized by a 
spontaneous motion, creation and annihilation of polar bubbles acting as non-linear 
dynamical excitations. In the former case, we show that a controlled motion of bubble 
domains can be triggered by applying local electric fields. Finally, we predict and 
experimentally corroborate the possibility of a new dynamical process that consists in a 
teleportation-like gradual transfer of a polar bubbles. The obtained results are rationalized 
using atomistic energy landscape calculations and Landau theory.  

We acknowledge the support from the Vannevar Bush Faculty Fellowship (VBFF) 
Grant No. N00014-20-1-2834 from the Department of Defense, DARPA Grant No. 
HR0011727183- 397 D18AP00010 (TEE Program). The research at University of New 
South Wales was partially supported by the Australian Research Council Centre of 
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and funded by the Australian Government as well as the Women in FLEET Fellowship. 
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Electric-field control of magnetism, or converse magnetoelectric (ME) coupling, in ferromagnetic 
(FM)/ferroelectric (FE) heterostructures holds great promise for the development of next-generation 
memory storage and sensing technologies (1, 2). Highly piezoelectric materials such as 
(1  x)Pb(Mg1/3Nb2/3)O3-(x)PbTiO3 (PMN-PT), a relaxor ferroelectric that exhibits a giant piezoelectric 
response for compositions near a morphotropic phase boundary (3), are of particular interest for use as 
the FE layer. Coupling a FE with a FM having a large magnetostriction can produce strong converse ME 
coupling through transfer of the voltage-induced strain from the FE layer into the FM layer, yielding strain-
mediated control of the magnetic anisotropy.  This has been demonstrated using bulk single crystals of 
PMN-PT coupled with FM Ni thin films (4). However, the crystal thicknesses were large; voltages of 100V 
or more were required to generate enough piezoelectric strain to affect the magnetism.  Therefore, to 
achieve the low-voltage converse ME coupling needed for next generation technologies, the PMN-PT 
thickness must be reduced to thin-film dimensions. 

At very low thicknesses, relaxor ferroelectric films suffer a drastic reduction in piezoelectricity due 
to substrate clamping (5).  Several methods have been used to reduce or eliminate substrate clamping by 
fabricating piezoelectric cantilevers (6) or patterning the piezoelectric film into islands with lateral sizes 
on the order of the film thickness (7).  We eliminate substrate clamping altogether by growing PMN-PT 
thin films and completely removing them from the mechanically passive substrates (Fig. 1a).  These 
membranes are subsequently supported by a soft polymer Polydimethylsiloxane (PDMS) and glass 
platform, which allows for the recovery of the giant piezoelectricity (Fig. 1b).  By capping our free-standing 
PMN-PT membranes with FM Ni, we obtained robust room-temperature ME coupling with both (001) and 
(011) orientations of the PMN-PT with as little as 3V applied bias (8,9).  We also found a new way to tune
the in-plane strain anisotropy in the (001)-oriented membranes via the interaction between electrically
biased and neighboring un-biased regions using an effect we call Piezotensor Engineering.

Through Piezotensor Engineering, we were able to transform the nominally isotropic in-plane 
strains of (001)-oriented PMN-PT membranes into anisotropic strains, which enabled control of the in-
plane FM anisotropy of the Ni overlayer.  This is shown by the voltage dependence of the Magneto-Optic 
Kerr Effect (MOKE) hysteresis curves in Fig. 2a.  Using finite element simulations (Fig. 2b, bottom), we 
found that the in-plane strain along the short axis of the electrode area is less tensile compared to that 
along the long axis; this causes the Ni (with its negative magnetostriction) to align its magnetic easy axis 
along the short axis (Fig. 2b, white lines).  We also found that the strain anisotropy varies 
spatially within and around the electrode. This is evident from the differing MOKE hysteresis curves 
measured for different regions upon application of a voltage (Fig. 2b, top).  

In this talk, guidelines that set the piezoelectric response of the PMN-PT membranes, and hence 
the magnetoelectric response in the ME heterostructure, will be discussed.  Synchrotron X-ray diffraction 
experiments, performed at the Advanced Photon Source, were used to clarify how the interaction 
between biased and unbiased regions in piezoelectric membranes affects the polarization rotation of FE 
domains, which underlies the giant piezoelectric response in relaxor ferroelectrics.  Up to now, theoretical 
considerations of strain-mediated technologies (10) are largely based on bulk piezoelectric behavior.  Our 
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results not only demonstrate that the electrode geometry must be considered when designing the next 
generation of strain-mediated magnetoelectric devices, but they also expound on how Piezotensor 
Engineering can be used to enhance device performance and lead to new functionalities. 
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Figure 1: Release of the PMN-PT membrane from the clamping substrate (a) leads to recovery 
of the giant piezoelectricity (b). 

Figure 2: (a) MOKE hysteresis curves vs voltage show electric-field manipulation of FM anisotropy in 
a Ni overlayer on (001) PMN-PT membranes.  (b) Finite-element simulations (bottom) suggest there 
is a spatial dependence of the FM anisotropy of the Ni overlayer and give good agreement with the 
observed experimental MOKE behaviors. 
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Abstract

Magnetoelectric (ME) materials present a unique opportunity for electric 

field-controlled magnetism, but ME coupling within a single phase is rare, small,

and often only occurs below room temperature. Strain mediated multiferroic 

heterostructures -composites of ferroelectric and ferromagnetic materials- have 

shown unprecedented ME coupling compared to single phase materials. But further 

improvement must be made before ultra-low power memory, logic, magnetic 

sensors, and wide spectrum antennas can be realized.  This work describes how

converse magnetoelectric coupling can be enhanced by simultaneously exploiting 

multiple strain engineering approaches, taking advantage of a ferroelectric-to-

ferroelectric phase transition. Heterostructures composed of Fe0.5Co0.5/Ag 

multilayers are grown by sputtering at room temperature on (011) Pb(In1/2Nb1/2)O3

Pb(Mg1/3Nb2/3)O3 PbTiO3 relaxor ferroelectric single crystals. The thin layers of

silver are periodically interspersed between thicker FeCo layers to reduce the 

magnetic coercive field. ME coupling was expected to increase at the ferroelectric 
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phase transition due to the large, induced strain, but previous work has shown that 

the magnetic moment became clamped prior to reaching the ferroelectric transition.

Here we show that this clamping can be avoided if the magnetic films are deposited 

with an in-built strain near the levels needed to induce the ferroelectric phase 

transition. The level of in-built strain is set using a non-magnetic compression

fixture applied to the ferroelectric crystal prior to deposition; the strain is measured 

by strain gauges adhered to the side of the sample prior to deposition. For each 

deposition condition both a strained and relaxed sample are grown simultaneously 

for comparison. The converse magnetoelectric coupling is measured by a vibrating 

sample magnetometer on films grown either with or without in-built strain,

measured either relaxed or under strain. When grown and measured under strain 

these heterostructures exhibit an effective converse magnetoelectric coefficient on

the order of 10-5 s/m. Additionally, this response occurred at room temperature and 

at low electric fields (< 2 kV/cm). This large effect is enabled by the magnetization 

reorientation caused by changing the magnetic anisotropy from the strain and 

electric field induced ferroelectric rhombohedral to orthorhombic phase transition.

The change in the magnetic coercive field and its dependence on the 

magnetoelectric response under strain suggests contributions from a magnetic 

domain-mediated magnetization switching. This work highlights how 

multicomponent strain engineering enables enhanced magnetoelectric coupling in

ferroelectric-ferromagnetic heterostructures and provides an approach to realize 

new energy efficient magnetoelectric applications.
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Understanding static and dynamic local structure: impact on energy-relevant 
properties

Michael F Toney, University of Colorado Boulder 

Local atomic structure often differs from the global average structure as measured with diffraction 
and yet the local structure has a profound impact on properties. This structure-function relationship 
applies in many materials classes, ranging from organics to Li-ion battery cathodes to perovskites. 
Accurately characterizing this local structure has proven challenging but recent advances in diffuse 
scattering (“between” Bragg peaks) has enabled local structure determination. 

Figure a, c Visualizations of the high-temperature cubic structure and b, the intermediate-temperature 
tetragonal structure of MAPbI3 and MAPbBr3. MA+ disorder has been omitted for clarity. The cubic-
tetragonal transition in MAPbI3 and MAPbBr3 occurs at 328 and 236 K, respectively, by the freezing out 
of octahedral tilts in an out-of-phase pattern. d, Instantaneous snapshots of the cubic structure from MD 
reveal dynamic two-dimensional correlations consisting of tilted PbX6 octahedra that can orient to be 
perpendicular to any of the three principal axes (a, b, c).  

In this talk, I will discuss the importance of local structure and how this can be quantified and will 
demonstrate this for organic-inorganic hybrid halide perovskites. These materials are a recently 
re-invigorated class of semiconductor that have demonstrated very high efficiencies for solar cells 
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after just over a decade of research. While the importance of lattice dynamics and dynamical 
(dis)order have been recognized in these materials, their nature is only poorly known and 
understood. We used X-ray and neutron diffuse scattering coupled with molecular dynamics to 
quantify the nature, size, and time scale associated with dynamical local order in CH3NH3PbI3 and 
CH3NH3PbBr3 perovskites. We observe that the nominally cubic perovskite consists of dynamical, 
two-dimensional sheets of lower symmetry tetragonal regions of about 3 nm diameter with several 
picosecond lifetimes. A static snapshot of the structure is shown in the figure. The implications on 
halide perovskite properties will be discussed.  
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Effect of poling field on the electrocaloric effect in Ba(Ti, Zr)O3
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Electrocaloric effect (ECE) is a reversible change in the temperature of the ferroelectric material under the 

adiabatic application of electric field. In , it is defined as  .

Here, P, T , and CE ectively, 
1 and E2

, the electrocaloric change in temperature is expected to increase 
with the applied electric field [1]. For example, in the groundbreaking study of Ref. [2] the application of
ultar high electric field of 776 kV/cm to  PbZr0.95Ti0.05O3 indeed resulted in a giant electrocaloric effect of 
12 K. Measurements on  BaTiO3 film and single crystal bulk yielded  7 K under an electric field of  800 
kV/cm [3]. Application of indirect approach on the experimental data for BaZr0.2Ti0.8O3 thin films predicted 
a 43.6 K temperature change under an electric field of 1011 kV/cm [4].   

In this work, we combine computational and experimental approaches to reveal that the increase of the 
electric field does not always result in the enhancement of the electrocaloric temperature and could even be 
detrimental to the electrocaloric response. First, we carry out measurements on bulk (Ba0.85 Ca0.15)(Ti0.9 

Zr0.1)O3 (BCZT) which results in the electrocaloric change of temperature of 0.64 K under the applied 
electric field of 34 kV/cm. This is the largest field that we were able to apply to the bulk samples. To 
overcome this challenge we grew high quality thin films of BCZT, which allowed for the application of the 
electric field up to 1000 kV/cm. The measurements on the films revealed two surprising findings: (i) the 
films remain in the ferroelectric phase up to 140 K above the Curie point (TC = 360 K) of their bulk 
counterpart; (ii) the application of 1000 kV/cm resulted only in a very moderate increase of the 
electrocaloric change of temperature, only up to 1.34 K.  

To explain these unusual observations, we utilized the first principle-based simulations. Computationally, 
we model bulk Ba(Ti0.9 Zr0.1)O3 using a first-principles-based effective Hamiltonian [5]. To compute the 
electrocaloric change in temperature, we integrate  equation numerically. Hysteresis loops P(E) 
in the first quadrant are used to compute P (T, E) dependencies. Analysis of the data reveals that the change 
of applied field E0 has a dramatic effect on the hysteresis loops. For the largest applied field (5000 kV/cm), 
the simulated supercell exhibits ferroelectric behavior in the entire temperature range investigated, that is 
beyond the computational Curie point of 410 K  for the material. This reproduces the unusual experimental 
finding. Application of ultra-high fields could stabilize the ferroelectric phase beyond the Curie point, the 
effect that we  of ferroelectric.   We hypothesize that superpoling of a ferroelectric is 
similar to supercooling/superheating of liquid.  Such regimes are associated with a transient existence 
(sometimes brief, sometimes long) of a metastable phase at the temperatures at which the chemical potential 
of the stable phase is lower. It is convenient to term the largest in magnitude field that the sample 
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experiences E0 as the effective poling field. The strong dependence of the polarization response on this 
effective poling field necessitates to add E0 as an additional variable for the polarization. In other words, 
the polarization is now a function of temperature, applied electric field, and the effective poling field, that 

is P (E, T, E0 ). The associated Maxwell equation is . This infers that the

electrocaloric is a function of the effective poling field, that is T, E0, E1, E2). As applied electric 
field increases the peak shifts toward higher temperatures and finally moves outside of the simulated 
temperature range. This is demonstrated in the Fig. 1(a), wher T as E0 increases. 
This also suggests that it should be possible to shift the position of the pea  to lower temperatures by 
reducing the effective poling field and avoiding superpoling [6]. 

Fig. 1: (a) Electrocaloric change in temperature as a function of temperature for various poling fields. (b) The peak 
max and its position Tmax 0

To validate computational prediction, we repeated experiments on the films but with reduced poling field 
of 500 kV/cm. We found that the electrocaloric change in temperature increased from 1.34 to 8.67 K.  Figure 
1(b) shows T on the applied field obtained from experimental data on the 
films and bulk. Below 500 kV/cm, the EC temperature change increases with field. Above this value we 
find th T decreases as a function of field as superpoled regime sets at 1000 kV/cm. The position 
of the peak in Tmax reported in the same figure shifts towards higher temperature for all fields. Thus, our 
work reveals that electrocaloric effect in ferroics exhibits a strong and counterintuitive dependence on the 
effective poling fi  variable of the caloric effect. As ferroics in general 
exhibit similar properties we expect that our findings would apply to this class in general and, therefore, 
are likely to bring new light into the magnetocaloric, barocaloric, multicaloric, and others, in addition to 
the electrocaloric effects.  
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Triclinic phase, polarization rotation and effect of AC poling on 
piezoelectric properties in Pb(Mg1/3Nb2/3)O3 PbTiO3 crystals  

Alexei A. Bokov , Haiyan Guo, and Zuo-Guang Ye
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Relaxor-based perovskite oxides are currently essential ferroelectric materials for 
a wide range of applications, but the mechanisms responsible for their extraordinary prop-
erties are still not fully understood. The most attractive properties are often found in solid 
solutions around the morphotropic phase boundary where the crystal structure is complex,
very sensitive to chemical composition and external stimuli, and the macroscopic sym-
metry may differ from the local one. An important tool for improving the properties of 
ferroelectric crystals is domain engineering, in which special conditions are applied to cre-
ate a preferable domain structure. In particular, it was commonly believed until recently,
that increasing the domain wall concentration enhances the piezoelectric coefficients be-
cause the wall motion contributes to piezoelectric effect. However, in 2010 we studied flat
engineered domain walls inclined to the surface of Pb(Mg1/3Nb2/3)O3 PbTiO3 single crys-
tal with the help of piezoresponse force microscopy and found that d33 piezoelectric coef-
ficient is significantly reduced around the wall [1]
scopic d33 it would be useful to fabricate the crystals oriented and poled along a nonpolar 
direction but free from uncharged walls; the method of such a fabrication process needs to 

[1]. Later, the AC poling method was used to eliminate inclined (71o degree) 
walls from (001) -oriented 0.72Pb(Mg1/3Nb2/3)O3 - 0.28PbTiO3 crystals of rhombohedral 
symmetry, and ultrahigh piezoelectricity was really obtained [2]. Furthermore, the absence 
of domain walls makes the crystal highly transparent and provides the route to a wide range 
of hybrid electro-optical-mechanical device applications [2]. Interestingly, application of 

Fig. 1 Temperature 
dependences of (a) real 
and imaginary parts of 
dielectric permittivity 
and (b) extinction an-
gle observed with po-
larizing microscope in 
(001)- oriented PMN-
32PT crystal. (c) Sche-
matics of spontaneous 
polarization direction 
varying with tempera-
ture. Temperature in-
tervals of cubic, trigo-
nal and monoclinic MB

and MC phases are in-
dicated.
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AC field to pole relaxor-based rhombohedral crystals was earlier reported to increase pie-
zocoefficients [3], but the effect was explained by an increase in the walls density or by 
the transformation from the rhombohedral to the monoclinic phase.

Here, we investigate (001)-oriented 0.68Pb(Mg1/3Nb2/3)O3 0.32PbTiO3 (PMN-
32PT) single crystals which have monoclinic symmetry before poling as confirmed by our 
polarized light microscopy (PLM) and X-ray diffraction (XRD) investigations. Changes in 
the domain structure and the anomalies observed in the temperature dependences of die-
lectric properties (Fig. 1a) and optical birefringence indicate the appearance of three dif-
ferent phases below the Curie temperature, including the triclinic phase observed between 
monoclinic MB (space group Cm) and MC (space group Pm) phases that had not been re-
ported before (Fig. 1). The temperature-induced rotation of spontaneous polarization direc-
tion is found in Tr and MC phases (Fig. 1 b and c).

Crystals obtained using AC poling (sinusoidal electric field, 6 kV/cm rms, 1 Hz) 
were almost free from inclined domain walls, fully transparent and exhibited d33 2700 
pC/N, which is ~ 25 % larger than in less transparent (due to inclined domain walls) DC 
poled (6 kV/cm during several minutes) crystals. AC poled specimens also possess larger 
dielectric permittivity. Besides the domain wall density, one more important structural dif-
ference between AC and DC poled crystals is found, which may be related to the difference 
in properties. During DC poling, the state with a minimal energy, i.e., the smallest possible 
angle between the external (poling or measuring) field and the spontaneous polarization of 
domains is achieved. In the AC case, the field alternation period is too short, and the system 
does not have enough time to reach the smallest angle. The polarization reorientation pro-
cess remains incomplete. This behaviour is confirmed by XRD and PLM data (Fig.2).

1 H. Guo, A.A. Bokov, Z.-G. Ye, Phys. Rev. B 81, 024114 (2010).
2 C. Qiu, et al., Nature 577, 350 (2020).
3 Y. Yamashita, et al., US Patent 2015/0372219 A1 (2015).

Fig. 2. Domain 
structure in (001)-
oriented crystals. 
(a) 100p Bragg 
peak obtained from 
the crystal surface. 
(b,c) PLM images 
demonstrating the 
extinction in the di-
agonal position of 
crossed polarizers 
with respect to 
crystallographic 
axes after AC pol-
ing (c) and the ab-
sence of the extinc-
tion in any position 
after DC poling 
(b). (d-f) Spontane-
ous polarization di-
rections allowed 
by MB symmetry.
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Exchange-Correlation Functionals
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Density Functional Theory (DFT) methods have been extensively applied to study 
ferroelectric materials with the ABO3 structure, including BaTiO3 (BT) and PbTiO3 (PT) [1-
4], with a more limited focus on binary solid solutions such as Pb(Mg1/3Nb2/3)O3-PbTiO3

(PMN-PT) [5-6]. In many of these theoretical works, the LDA exchange-correlation functional 
has been utilized to model various materials properties. However, previous works have shown 
that the structural properties of normal ferroelectric materials can be underestimated with the 
LDA functional [7-9], which can cause inaccuracy in the calculation of functional properties.
Other functionals have also been explored to study their accuracy in the calculation of material 
properties for ABO3 type ferroelectrics, showing interestingly, that van der Waals density 
functionals can provide a better accuracy in the calculation of structural and electronic 
properties of normal ferroelectrics [9].

In this work, we are exploring the accuracy of different DFT exchange-correlation 
functionals including LDA, PBE, PBEsol and various forms of van der Waals density 
functionals (vdW-DF) such as vdW-DF-C09, vdW-DF-cx, and vdW-DF-ob86 in the 
calculation of structural, mechanical, and ferroelectric properties of the normal ferroelectrics 
BT and PT, and also the binary solid solution PMN-PT in their different crystal phases.  The 
lattice parameters, atomic positions, unit-cell volumes, bulk modulus, and polarization was 
determined in the cubic, tetragonal, orthorhombic, and rhombohedral phases of BT, the cubic 
and tetragonal phases of PT, and the tetragonal phase of PMN-PT. 

The results indicate the van der Waals 
levels of theory; vdW-DF-C09, vdW-DF-cx, and 
vdW-DF-ob86, as well as the PBEsol functional 
showed better accuracy in the calculation of the 
lattice parameters and unit-cell volumes for BT, 
PT, and PMN-PT compared with the other 
functionals with a difference of less than 3%
(Figure 1).  In contrast, the PBE functional 
showed a significant variation with a difference 
up to 15% compared with the experimental
lattice parameters. Similar conclusions about the 
relative accuracy of the different levels of theory 
were also obtained from the atomic positions of 
BT, PT, and PMN-PT in their different crystal 
phases.  The bulk modulus for the same 
materials were also calculated obtaining similar 
accuracy for the PBEsol and vdW-DF 
functionals, with LDA and PBE, overestimating 
and underestimating this property, respectively. 

Figure 1. Difference with Respect to 
Experimental Unit-Cell Volume of BT, PT and 
PMN-PT in their Various Crystal Phases for the 
Levels of Theory Studied
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The polarization values calculated for BT and PT showed the vdW-DF-C09 and vdW-
DF-cx functionals provide better accuracy compared with the other levels of theory evaluated, 
while the PBE functional displayed again the largest difference compared with experimental 
values. The results obtained in this work were also compared with previous first principles 
studies showing a good agreement [9]. Overall, the results obtained indicate that van der Waals 
density functionals vdW-DF-C09 and vdW-DF-cx provide a better description of the 
structural, mechanical, and ferroelectric properties of BT, PT, and PMN-PT in their different 
crystal phases. 

The behavior of the enhancement 
factor (Fx(s)) for the various functionals 
studied was also evaluated. The particular 
shape of has a strong effect in the 
accurately description of materials 
properties in solids.  Specifically, the 
accuracy of the materials properties 
examined in this work structural, 
mechanical, and ferroelectric have found 
to be dependent on the behavior of 
on the small- region, smaller than ~2.5 
[9-12], by correcting the calculation of the 
equilibrium distances and preventing the 
overestimation observed in PBE. The 
analysis of the enhancement factor 
for the different van der Waals-based 
density functionals evaluated in this study, 
vdW-DF-C09, vdW-DF-cx, and vdW-DF-
ob86, shows similar behavior in the small-

regime, for s smaller than 3 as shown in Figure  2, which could explained the improved 
description of these material properties with the van der Waals density functionals. Finally,
the analysis of the findings obtained in this work suggest the adequate selection of the 
exchange-correlation functional is fundamental in order to accurately determine the structural, 
mechanical, and electronic properties of ferroelectric materials.
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Figure 2. Enhancement Factor, Fx(s), of the 
Functionals Used in This Study, PBE, PBEsol, vdW-
DF-C09, vdW-DF-cx, and vdW-DF-ob86
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Yali Yang1, Carmel Dansou2, Charles Paillard3 and Laurent Bellaiche2

1School of Mathematics and Physics, University of Science and Technology Beijing, 
Beijing 100083, China.

2University of Arkansas, Fayetteville, Arkansas, USA.

3Laboratoire SPMS, CentraleSupélec/CNRS, UNR 8580, Université Paris-Saclay, 
91190 Gif-sur-Yvette, France.

Abstract

BiFeO3 (BFO) is a reference material in the class of multiferroics and has been 
extensively studied over the past decades [1]. Being one of the few materials to show 
ferroelectricity and magnetism at room temperature, BFO was shown to host peculiar 
physics that have attracted cross-discipline interests [1,2]. In its ground state, BFO is 
rhombohedral with a R3c space group [3]. However, in recent studies, it was shown that 
epitaxial strains can be used to engineer two other stable phases in BFO films: a nearly 
tetragonal phase called the T phase, and a quasi-rhombohedral phase called the R phase
[4-6]. The appearance of these phases in BFO films has attracted great interest in BFO
films since they present prospect for new functionalities [6-8]. Also, visible range photo-
irradiation was recently showed to induce strains in single crystal BFO [9]. Since the R 
and the T phases are induced by epitaxial strains, they therefore offer a unique opportunity 
to explore the coupling between epitaxial strain, light, polarization, and magnetism within 
the same system which could lead to the appearance of exotic cross-functionality. When 
grown on LaAlO3 substrate, it was reported that BFO films show a regime of coexistence 
of the R and the T phase [4-6]. More appealing, it was found that one can achieve a 
deterministic switch from the R to the T phase by application of electric fields or stress
[10]. As interesting question to ask is if one could achieve the same deterministic control
of the two phases population but with optical excitation.

In this report, we use constraint-Density Functional Theory scheme recently implemented 
in the Abinit package [11], to systematically investigate the impact of illumination on the 
R and the T phases of strained BFO film under different epitaxial constraints. The effect 
of light on their energies and the population of the T and the R phase are studied.
Additionally, the evolution of the electrical polarization and the structural change under 
illumination are investigated. For instance, we show that both the R and the T phases are 
strongly photostrictive, with such photostriction being mainly accounted for by a
converse piezoelectric model.
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Lead zirconate PbZrO3 (PZO) is still of interest to researchers dealing with ABO3 
perovskites. The antiferroelectric properties of PZ are not questioned; however, the 
occurrence of the so-called intermediate phase, which appears close to but below transition 
temperature (TC), is not fully elucidated. Recent studies of Raman light scattering revealed 
that paraelectric and antiferroelectric phases coexist in this intermediate phase, although 
earlier studies indicated its ferroelectric properties only. 
      Much lesser papers concern the influence of heterovalent dopants on PZO and 
intermediate phase properties [1, 2]. One can expect that a dopant such as Nb5+ leads to 
charge neutrality in the crystal and to the reduction of local electric fields created by the 
defects in the Pb or O sublattices. Recently we have proved that a small concentration of 
niobium dopant leads to a new, never observed, intermediate phase of the unknown crystal 
structure and properties dependent on the dopant concentration [1, 2]].  

The results of tests of pyroelectric current changes and the characteristics of 
temperature changes over time (Fig. 1) revealed an unusual phenomenon [2]. At a constant 
temperature, after about 35 minutes, a crystal with a content up to 1% mol of Nb2O5 
undergoes a self-organization process, appearing as a local pyroelectric current peak 
accompanying phase transition. After keeping the sample at a constant temperature for 
about 510 minutes and then lowering the temperature, the local peaks of the pyroelectric 
current of the same sign were observed. It means that the self-organization process only 
occurred in a part of the crystal volume. This phenomenon correlates with time-dependent 
Raman spectra at a constant temperature, collected in regular time intervals, proving the 
isothermal character of the observed transformation [3]. 
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Figure 1. Isothermal (time-dependent) intermediate (IM1-IM2) - antiferroelectric (AFE) 
phase transformations based on observations of pyroelectric current changes. 

 
 
 
 
A similar process has been observed in PZO crystals with a small amount of 

titanium (PZT), an isovalent dopant. Structural relaxation time from the intermediate to 
antiferroelectric phase depended on the temperature. The higher the temperature, the longer 
the time needed to pass to the antiferroelectric phase.  

However, it is very interesting that in undoped PZO crystals with a very narrow 
transition phase such relaxation has not been observed so far (in contrast to PZO ceramics) 
- it is possible that it does not occur or the relaxation time is definitely longer than 48 hours. 

The driving force of this self-organization process observed is discussed. 
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Abstract

Creation of magnetic vortex and current induced movement of these defects has been 

shown in literature [1 3]. Spontaneous creation of polar vortex arrays has also been 

achieved in oxide superlattices [4,5] as well as in BiFeO3 thin films [6,7].; However, a

controlled movement of the polar vortex has not been achieved yet for polar topological 

defects either experimentally or computationally. Here we spontaneously create an array 

of polar vortices in (001) oriented epitaxial BiFeO3 thin film when a 109° domain with R3c

structure is relaxed under open circuit electrical boundary condition and compressively 

strained mechanical boundary condition. We use our in-house developed first principles 

based effective Hamiltonian [8 10] for BiFeO3 thin films in conjunction with Monte Carlo 

simulations. We show that these vortex arrays can only be created under a range of strain 

beyond which they either remain 109° domain or transform into anti ferroelectric polar 

structure. We also show that they can form only above a critical film thickness. In addition, 

we accomplish the not yet done controlled motion of the polar vortex with electric field. 

Applying electric field in a direction along the domain wall plane normal leads to the 

movement of vortex along the thickness of the film. Moreover, this motion is reversible 

and can be repeated many times along with electric field. It is also seen that if the electric 

field reaches a value greater than a critical value, then the vortex moves beyond 

reversibility. To the best of our knowledge, this is the very first electric field-controlled

motion of polar vortices that is also reversible. 
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Thermally induced phase transitions increase the structural symmetry of ferroelectrics [1, 2, 3]. 

This higher-symmetry structure is referred to as paraelectric. Recently, ferroelectric transition-

metal dichalcogenide (WSe2) bilayers with broken centro-symmetry were found to become 

paraelectric [4, 5], but the atomistic configuration of such a phase has not been discussed. In this 

presentation, we will discuss the relationship between paraelectricity and slippage events on those 

novel-engineered 2D ferroelectrics [5]. 
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EuAl12O19 a type I multiferroic with improper ferroelectric 
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In magnetism, certain orderings of magnetic ions may lead to a so-called frustrated 
magnetic state. This happens e.g. for a planar triangular ordering of magnetic ions with 
antiferromagnetic type of Heisenberg interaction, where many spin configurations have 
a similar energy. Analogously, a frustrated state may occur when electric dipole moments 
with a tendency to align in an antiparallel way are ordered in a triangular lattice.

EuAl12O19 has a quasi-bidimensional structure (see Figure 1) combining both
magnetic and electric triangular sublattices and thus leading to both magnetic and electric
frustration. Magnetic triangular sublattice consists of Eu2+ cations carrying large spin
magnetic moment of 7 B. Triangular sublattice carrying electric dipole moments is 
composed of AlO5 bipyramids, where Al3+ ion is trapped in double-well potential. The off-
centered Al3+ ions in neighbouring bipyramids favour antiparallel alignment. Within this 
work, a series of experiments investigating dielectric and magnetic properties was 
performed.

Figure 1: (a) Crystal structure of EuAl12O19 consisting of magnetic Eu2+ cations
(green) and of AlO5 bipyramids (brown) carrying electric dipole moment top view;
(b) two off-centered equilibrium positions of Al3+ ion in AlO5 bipyramid giving rise
to electric dipole moments of opposite signs along c axis side view.
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Our measurements of dielectric properties and pyrocurrent of the EuAl12O19 single 
crystal grown by a floating zone method indicate formation of the improper ferroelectric 
phase at TC 50 K arising from the electric frustration. This improper ferroelectricity is 
demonstrated by a change of the slope in temperature dependence of permittivity (Figure
2 left) and appearance of small spontaneous polarization of 0.01 C/cm2. The high-
temperature data (above TC 50 K) show Curie-Weiss dependence with a negative value 
of Curie-Weiss temperature, similar to an incipient ferroelectric behaviour in isostructural 
BaFe12O19 crystallizing in M-type hexaferrite crystal structure.1 The increase 
of permittivity upon cooling from 300 K down to 50 K is caused by softening 
of an overdamped mode in the THz range, which was studied using time-domain THz 
spectroscopy (not shown here). In IR reflectivity spectra (Figure 2 right) no phonon 
softening on cooling is observed (on the contrary, phonon with frequency of 130 cm-1

hardens to 160 cm-1 at 4 K). Below TC, the overdamped THz excitation slows down 
in microwave region and finally disappears from the dielectric spectra below 20 K. 
The origin of this unusual dielectric relaxation will be discussed.

The experimentally obtained data of heat capacity and magnetization reveal 
antiferromagnetic phase TN = 1.3 K. EuAl12O19 is therefore
a type I multiferroic material. The measurement of ultrasound velocity shows that there is 
a measurable magnetoelastic coupling, which, in turn, may influence electric dipole 
moment of the AlO5 bipyramids, and thus effectively result in magnetoelectric coupling.

[1] Shen, S. P. et. al. Quantum electric-dipole liquid on a triangular lattice. Nature 
communications, 7 (1), 1-6, 2016.

Figure 2: Left: Temperature dependence of dielectric permittivity measured at 
frequency of 12 kHz. The Curie-Weiss fit of the high-temperature (above 50 K)
data indicates incipient ferroelectric behaviour. Right: Infrared (IR) reflectivity 
spectra obtained for selected temperatures between 4 and 297 K.
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The discovery of lead zirconate PbZrO3 (PZ) in the 1950s became of considerable interest to scientists 
working on the fundamentals of antiferroelectricity and the theory of phase transitions. If not for that 
discovery, the perovskite PbZrxTi1-xO3 (PZT) oxide ferroelectrics, with its enormous number and variety 
of piezoelectric applications, would not exist. More importantly, as the first antiferroelectric material 
ever discovered [1], it has become the archetype for antiferroelectricity and the basis for research on 
related functionalities such as energy storage or the negative electrocaloric effect [2,3]. On the other 
hand, the nature of antiferroelectricity in PZ and the complexity of its phase diagram continue to 
surprise. Despite being a 70-year-old material, in just the last decade, discoveries have been made 
regarding its complex phase transition mechanism at TC [4,5], an unconventional paraelectric phase with 
polar regions and a triple point at which the cubic phase, modulated phase and non-modulated phase 
coexist [6], jerky domain wall propagation [7], a flexoelectric effect [8], a large electrocaloric effect of 
negative sign [2,9,10], a unit-cell-wise energy storage pathway and transient phase with cycloidal order 
of polarisation [11], and anomalously slow relaxation time for changes in the order parameter in 
response to an induced shear strain [12]. It was also reported that the thermal conductivity of 
antiferroelectric PZ can be bidirectionally switched upon the application of an electric field or thermal 
excitation [13].  
     In this context, perhaps the greatest unsolved question about PZ is the crystal symmetry of its ground 
state, particularly whether it is truly antipolar. As early as 1951, Roberts [14] reported that ceramic PZ 
is polar at room temperature based on observation of a piezoelectric effect of the order of 10-13 pm/C. 
That same year, in the paper where the antiferroelectric crystal structure of PZ was reported [15], 
Sawaguchi et al. stated that PZ could be ferroelectric if only Pb ions, independently from their in-pair 
antiparallel shifts in the orthorhombic ab plane, can make a small displacement along the c axis. On the 
other hand, the piezoelectric effect reported by Roberts was detected after poling the ceramic in a strong 
electric field of high strength of dc 2.5kV/cm or dc pulsed 8kV/cm from 250oC to 100oC. Since in the 
PZ ceramic, it is almost impossible to avoid defects in the crystal, the origin of the observed piezoelectric 
activity might have resulted from an electret state caused by those defects. Many structural and lattice 
dynamics experiments dealing with the symmetry of the PZ phase at room temperatures have established 
that this phase is both centrosymmetric and antiferroelectric. Nevertheless, the example illustrates that 
the antipolar vs polar question of PZ is as old as the material itself. 
      An article by Aramberri et al. [16] recently raised the possible polarity of a PZ low-temperature 
phase. Using first-principles density functional theory simulations, a simple ferrielectric structure with 
Ima2 symmetry was proposed. Indeed, for a selection of energy functionals, when zero-point corrections 
to the total energy were applied, the ferrielectric structure becomes more stable than the Pbam 
antiferroelectric phase (and the related Pnam structure proposed in [17]) at zero Kelvin. Under the 
harmonic approximation, the ferrielectric structure retains its stability up to room temperature, 
suggesting that PZ may not be antiferroelectric even at ambient conditions.  
   We present experiments showing evidence of a low-temperature transition in ceramics and single 
crystals of PZ. The experimental evidence includes dielectric, pyroelectric, Raman scattering and optical 
domain structures in PZ single crystals. To our knowledge, such properties have not been studied from 
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room temperature down to liquid nitrogen temperature, i.e., at temperatures in which the polarity of PZ 
structure may be anticipated, although it is worth noting that there is an article by Lawless [18] 
describing some anomalies in the specific heat and thermal conductivity of ceramic PZ below 40K. 
These anomalies were linked with glass-like properties but not to an actual phase transition, but in light 
of our new evidence, that interpretation might have to be revised. 
      Based on the dielectric, pyroelectric, optical and Raman 
scattering experiments - in the temperature range between 
250 K and 270 K - a homogeneous phase transition takes 
place, and this low-temperature phase is weakly polar. The 
transition was robust and repeatable, i.e. it was observed on 
several heating and cooling cycles. our observed transition 
is close to 255 K, suggested by the paper’s authors [16] as 
the lowest limit of a ferrielectric order stability. However, 
the polarisation predicted by Aramberri et al. is 11 µC/cm2 
[16], which is about 1000 times bigger than our pyroelectric 
measurements. One possible explanation for the discrepancy 
might be that the poling fields are insufficient to saturate the 
polarization, although the application of DC poling fields 
greater than 10 kV/cm did not increase the polarisation value 
in our field-cooling experiments. It is worth mentioning that Ima2 symmetry has been identified within 
the polar antiphase boundaries (APB) in PZ at room temperature [19]. Cooling the samples under a DC 
field might direct these polar APBs in this field direction and/or their growth. This would also account 
for the small value of polarisation observed in the pyroelectric experiments since the polarization is 
calculated for the area of the electrodes, not for the area occupied by APBs. Such polarization, however, 
would be very localized, whereas our experimental evidence, as discussed above, suggests that the phase 
transition is to a homogeneously distributed phase. 
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Landau Devonshire thermodynamic modeling enables the phenomenological description of 
ferroelectrics.1 The approach has been validated across a wide range of ferroelectric materials from the 
first ferroelectric discovered, Rochelle Salt, to recent HfO2-based materials.2 4 Extension to what is now 
referred to as the Landau Ginsburg Devonshire model enables rigorous investigation of polarization 
boundaries and reorientation, phase transformations, and domain formation/evolution.

We present a thermodynamic analysis of the recently discovered nitride ferroelectric materials5-7 using 
the classic Landau-Devonshire approach. The electrostrictive and dielectric stiffness coefficients of Al1-

xScxN with wurtzite structure (6mm) are determined using a free energy density function assuming a 
hexagonal parent phase (6/mmm), with the first order phase transition based on the dielectric stiffness 
relationships (Fig. 1). The results of this analysis show that the strain sensitivity of the energy barrier is 
one order of magnitude larger than that of the spontaneous polarization in these wurtzite ferroelectrics, 
yet both are less sensitive to strain compared to classic perovskite ferroelectrics (Fig. 2). These analysis 
results reported here explain experimentally reported sensitivity of coercive field to elastic strain/stress 
in Al1-xScxN films, and would enable further thermodynamic analysis via phase field simulation and 
related methods.
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Fig. 2 - Elastic strain effects on ferroelectric 
properties. (a) Normalized P s map for Al 0.8Sc0.2N and 
PbTiO3 under +/-1% elastic strain (b) Normalized free 
energy barrier for Al 0.8Sc0.2N and PbTiO3 under ±1% 
strain.a function of Sc = 0.2

a
)

b
)

Fig. 1 - (a) Free energy curves 
with various a33 values for Sc=0.2. 
(b) First and second order phase 
transition range in a33 as a function 
of Sc.
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